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that Are Also Present in Ras and Rap
et al., 1997; Wang and Roufogalis, 1999) and may consti-
tute one of the links between calcium signaling and
GTPase signal transduction pathways, although conclu-
sive cell biology experiments proving this link are still
needed (Feig, 2003).
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North Carolina State University Ras and Rap have several effectors, which are recog-
nized through the canonical switch I sequence YDPTIEDRaleigh, North Carolina 27695
that is representative of most Ras subfamily members
(Bos, 1998; Feig, 2003). Ral is unique in the subfamily
in that it has a different switch I sequence, YEPTKAD,Summary
and a unique set of effectors. The changes from I to K
and E to A together reverse the overall electrostaticRalA is a GTPase with effectors such as Sec5 and
character of the effector binding site in Ral relative toExo84 in the exocyst complex and RalBP1, a GAP for
other proteins in the Ras subfamily. A sequence spaceRho proteins. We report the crystal structures of Ral-
analysis (Casari et al., 1995) aimed at determining func-GppNHp and Ral-GDP. Disordered switch I and switch
tionally important amino acid residues in Ral revealedII, located away from crystal contacts, are observed in
14 residues (3 in switch I and 11 elsewhere) that areone of the molecules in the asymmetric unit of the Ral-
conserved in 8 Ral variants but not in other membersGppNHp structure. In the other molecule in the asym-
of the subfamily (Bauer et al., 1999). Mutational experi-metric unit, a second Mg2 ion is bound to the GppNHp
ments and binding studies showed that the two charge-phosphate in an environment in which switch I is
reversal residues were sufficient to render Ras specificpulled away from the nucleotide and switch II is found
for Ral target recognition and vice versa (Bauer et al.,in a tight  turn. Clustering of conserved residues on
1999). The crystal structure of Ral in complex with thethe surface of Ral-GppNHp identifies two putative
Ral minimum binding domain of one of its effectors,sites for protein-protein interaction. One site is adja-
Sec5, elucidated the structural features of switch I re-cent to switch I. The other is modulated by switch II
sponsible for binding specificity in Ral (Fukai et al.,and is obstructed in Ral-GDP. The Ral structures are
2003).discussed in the context of the published structures
In a study aimed to identify functionally importantof the Ral/Sec5 complex, Ras, and Rap.
residues, 100 GTPases in the Ras superfamily were ex-
pressed in their constitutively active forms (mutants
Introduction equivalent to Q61L in Ras) and classified according to
resulting changes in cell morphology (Heo and Meyer,
Ral is a member of the Ras subfamily of GTPases, which 2003). The constitutively active form of Ras resulted in
also includes Ras, Rap, R-Ras, TC21, and M-Ras (Bos, polar cell morphology, while Ral, Rap, and R-Ras in-
1998; Feig, 2003). These proteins are involved in diverse duced what the authors called the eyelash morphology.
signaling pathways (Vojtek and Der, 1998) and function The double mutation L23F/K101L in Ras was sufficient
through conformational changes in the switch I and to change the cellular phenotype from polar to eyelash
switch II regions modulated by the presence of GTP morphology. The reverse mutations in Ral, Rap, and
(“on” state) or GDP (“off” state) (Milburn et al., 1990). R-Ras resulted in cells with polar morphology. Interest-
Ral exists in two main isoforms: RalA and RalB, each ingly, both of these functionally important residues are
consisting of 206 amino acid residues. The functional located outside of the switch regions. The Ral tree-
roles known for Ral have recently been reviewed (Feig, determinant residues (Bauer et al., 1999) and the switch-
2003). Ral modulates the activity of various transcription of-function residues (Heo and Meyer, 2003) are depicted
factors affecting a variety of cellular functions, including in Figure 1.
the potentiation of cell proliferation controlled by the We present the crystal structures of RalA bound to
Raf-Mek-Erk kinase cascade (Urano et al., 1996). Ral the GTP analog GppNHp and to GDP. These structures
proteins are involved in vesicle sorting, with roles in reveal an overall catalytic domain that is very similar
both exocytosis (through interaction with the exocyst to those of its close family members, but with unique
complex) (Moskalenko et al., 2002) and endocytosis features in the switch regions, including the presence
(through its constitutive interaction with phospholipase of a second Mg2 ion bound to GppNHp. The Ral tree-
D and its GTP-dependent interaction with the effector determinant residues and the two switch-of-function
RalBP1) (Feig, 2003). RalBP1 contains a GAP domain residues converge to two putative binding sites that are
for the Rho subfamily GTPases Rac1 and CDC42, sug- present in at least three members of the Ras subfamily,
gesting the involvement of Ral in the modulation of actin each with distinct features.
cytoskeleton and cell morphology (Cantor et al., 1995;
Jullien-Flores et al., 1995). Ral has also been shown to Results and Discussion
bind calmodulin in a calcium-dependent manner (Wang
The catalytic domain in the GTPases consists of a six-
stranded  sheet (1–6), five  helices (1–5), and ten*Correspondence: carla_mattos@ncsu.edu
Structure
2026
Figure 1. Sequence Alignments of Ral, Ras, and Rap
Secondary structural elements are indicated by shading. Switch regions are boxed. The single amino acid difference between simian and
human RalA (147) is in gray. Residues are numbered and labeled above their respective sequences. The 14 tree-determinant residues (I18,
M35, Y36, E44, K47, A48, K54, L57, I64, I78, N81, A103, T104, M172) are in dark blocks, and the two switch-of-function residues (F34, L112)
are in white boxes. Black brackets under the Rap sequence indicate where the backbone of Rap is shifted relative to Ral and Ras.
connecting loops (L1–L10) (Milburn et al., 1990). Switch 2003). Even though the N terminus was present in the
constructs of Ral used for the present study, the firstI includes L2 residues 30–38 in Ras and is the effector
recognition site. Switch II consists of L4 and part of 2, ten residues are disordered and are not observed in the
electron density maps for any of the structures.spanning residues 60–70. L1 is the phosphate binding
loop (P loop) and in Ras consists of residues 10–17. The
P loop interacts substantially with the -phosphate of The Crystal Structure of Ral Bound to GppNHp
Ral-GppNHp crystallizes with the symmetry of the te-GTP, but it does not undergo major conformational
changes upon hydrolysis (Wittinghofer and Nassar, tragonal space group P4222 and unit cell parameters
shown in Table 1. A full data set was collected to a1996). In the GTP bound form, a Mg2 ion bridges the
- and -phosphates of the nucleotide and is coordi- resolution of 1.55 A˚ at 100 K at the SER-CAT synchrotron
beamline, APS (Argonne, IL). Data collection and refine-nated by a Ser residue in the P loop (S17 in Ras), a Thr
residue on switch I (T35 in Ras), and two water molecules ment statistics are also shown in Table 1. There are two
molecules of Ral in the asymmetric unit, designated as(Wittinghofer and Nassar, 1996).
Ral has an additional 11 amino acid residues at the A and B, respectively, and each presents the switch
regions in very different environments. In Molecule A,N terminus relative to Ras and Rap (Figure 1), and these
residues interact constitutively with phospholipase D both switches are relatively free of crystal contacts. As
a result, switch I is partially disordered, with virtually no(Jiang et al., 1995). The C-terminal region in GTPases
extends 20–30 residues beyond the catalytic domain, electron density for residues 46–49. Switch II is com-
pletely disordered from residue 72 to 83. In Molecule B,serves as an anchor to the membrane, and plays a key
role in localization (Hancock, 2003). Unfortunately, the both switches are in contact with other Ral molecules
in the crystal and are very well ordered.C-terminal region interferes with expression in E. coli
and can impair crystallization. Therefore, our crystal The switch I residues in Molecule B do not interact
with the nucleotide in the way observed in Ras-GppNHpstructures of RalA were obtained with a truncated C
terminus (residues 1–178), in analogy to the crystal (PDB code 1CTQ), Rap-GTP (PDB code 3RAP), and in
Ral-GppNHp/Sec5 (PDB code 1UAD), although thestructures of H-Ras (residues 1–166) (Pai et al., 1990) and
Rap2A (1–167) (Cherfils et al., 1997). These truncated GppNHp molecule itself is in a position that superim-
poses well with the nucleotide analog in these struc-versions of the GTPases will be referred to as Ral, Ras,
and Rap throughout this paper. Due to the additional tures. An unusual switch I conformation is stabilized
primarily through a series of contacts across the inter-11 residues at the N terminus of Ral, one must subtract
11 from a residue number in Ral to obtain the analogous face between Molecules A and B in the asymmetric unit
(Figure 2). In this conformation, Y43 (32 in Ras number-residue in Ras or Rap up to residue 122, which is an
insertion in Ral and Rap relative to Ras. Beyond residue ing) is buried between the P45 ring and the molecular
interface. The O atom of T46 (35 in Ras numbering) is122, it is necessary to subtract 12 from the Ral number-
ing and 1 from the Rap numbering in order to obtain the also involved in contacts across the molecular interface
and is about 10 A˚ from the canonical Mg2 ion. Thereanalogous residue in Ras. Thus, the site of the truncation
in Ral (residue 178) corresponds to residue 166 in Ras is a water molecule coordinated to the Mg2 ion in Ral
where the O of T35 is in Ras.and 167 in Rap (Figure 1). The Ral construct used for
the complex with the Ral binding domain of Sec5 was A further unusual feature in this region is the presence
of a second Mg2 ion coordinated to the -phosphateslightly different and consisted of residues 9–183 (Fukai
et al., 2003). The catalytic activities of Ras and Rap of the nucleotide (Figure 3). The first ion is in a position
found in other GTPase structures, including Ras andGTPases have been shown not to be affected by the
C-terminal truncation (Cherfils et al., 1997; John et al., Rap (Pai et al., 1990). The second Mg2 ion is unique
to the Ral-GppNHp structure presented here and may1989; Nassar et al., 1995), and the C-terminal truncation
of RalA does not affect its Kd for Sec5 (Fukai et al., occupy a weak binding site, facilitated by the conforma-
Ral GTPase Binding Sites
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Table 1. Data Collection and Refinement Statistics for Ral-GppNHp, Ral-GDP Crystal Form 1, and Ral-GDP Crystal Form 2
Ral-GppNHp Ral-GDP (1) Ral-GDP (2)
Space group P4222 P212121 P212121
Unit cell (A˚, ) a  77.3 a  53.6 a  52.6
b  77.3 b  62.1 b  61.5
c  116.1 c  112.7 c  112.9
  90   90   90
  90   90   90
  90   90   90
Temperature of data collection 100 K 100 K 293 K
Resolution (A˚) 25–1.55 (1.65–1.55) 35–1.50 (1.59–1.50) 30–2.0 (2.13–2.00)
Number of reflections 49,223 (6,292) 59,462 (8,445) 21,102 (3,006)
Completeness (%) 95 (82.5) 97.4 (93.4) 82.9 (80.1)
Redundancy 13 (7) 7 (5) 4 (3)
Rwork/Rfree (%) 21.3/23.8 (27.2/29.4) 20.2/21.8 (22.9/25.4) 18.9/23.1 (25.3/28.1)
Rms bond length deviation 0.01 0.01 0.01
from ideal geometry (A˚)
Rms bond angle deviation 1.11 2.32 1.12
from ideal geometry ()
Average I/ 45 (2.5) 25 (5.5) 8.8 (1.7)
Rsym (%) 5.3 (39) 7.1 (31) 10 (45)
Ramachandran statistics
In favored regions 96.2% 97.5% 98.2%
In allowed regions 100% 100% 100%
Number of protein atoms 2,581 2,624 2,682
Number of nucleotide atoms 64 56 56
Number of magnesium ions 4 2 2
Number of water molecules 321 503 154
The numbers in parentheses describe the relevant value for the highest resolution shell. Rsym  |Ii 	 
I|/I, where Ii is the intensity of the
ith term observed and 
I is the mean intensity of the reflections. Rwork  ||Fobs| 	 |Fcalc||/|Fobs| crystallographic R factor calculated by using
90% of the reflections against which the model was refined. Rfree  ||Fobs| 	 |Fcalc||/|Fobs| calculated by using the test set consisting of 10%
of the total reflections, randomly selected from the original data set.
tion of switch I in this structure and by the high magne- D74 and Y75 (Figure 4). G71 is at the beginning of the
 strand leading into the turn. Its backbone N atomsium formate concentration found in the crystallization
conditions (200 mM rather than the 5 mM MgCl2 usually makes a good H bond with one of the O atoms of the
-phosphate in GppNHp (2.7 A˚), as does G60 in Ras andincluded in the GTPase buffer solutions). This Mg2 ion
is present only in Molecule B, where it is coordinated to Rap bound to GTP or its analogs. Thus, the initial part
of switch II is anchored to the nucleotide in the “on” statethe terminal oxygen atom of the nucleotide -phosphate
and to five water molecules (Figure 3), away from crystal of Ral, as expected (Wittinghofer and Nassar, 1996).
This interaction is also seen in Molecule A, even thoughcontacts. This cluster of atoms is part of an H bonding
network that connects the main chain atoms of residues residues 72–83 are disordered. Q72 (61 in Ras number-
ing) is turned away from the nucleotide and makes a71–73 in switch II to the side chain of Glu 44 in switch
I. It also serves to link switch II to main chain atoms in good H bond with the carbonyl O atom of A70 (2.9 A˚).
This carbonyl group is adjacent to N of G71 and thereforeswitch I through the -phosphate of the nucleotide and
the canonical Mg2 ion. provides a link between Q72 and the -phosphate of
GppNHp. E73 is the first of the four residues in the typeThe switch II residues 70–79 in Molecule B form two
 strands connected by a type I hairpin turn at residues I turn (residue i ), with its carbonyl O atom H bonding to
Figure 2. The Asymmetric Unit in the Crystal
Structure of Ral-GppNHP
GppNHp is in cyan, Mg2 is in yellow, and
the coordinating water molecules are in red.
Structure
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Figure 3. Close View of the Mg2 Ions Bound to GppNHp
(A) The model in the absence of an electron density map. Ser28 of the P loop and Gly71 in switch II are shown in magenta.
(B) Same model as in (A), superimposed on an anneal omit Fo 	 Fc electron density map contoured at the 3 level. The two magnesium ions,
the coordinated water molecules, and the nucleotide were deleted from Molecule B in the model.
(C) Same model as in (A), superimposed on the final 2Fo – Fc electron density map contoured at the 1 level.
N of A76 (residue i3) in a typical manner observed for lize switch II in a type I  hairpin conformation (Mattos
et al., 1994). The remainder of switch II is in a helicaltwo-residue  turns (Wilmot and Thornton, 1988). D74
and Y75 constitute turn residues i1 and i2, the two conformation and represents the beginning of helix 2,
as it does in Ras and Rap.central residues of the  hairpin. While the side chain
of D74 is exposed to solvent, interacting with bound
water molecules, Y75 is completely buried in a hy- The Crystal Structure of Ral Bound to GDP
Ral-GDP crystallizes with the symmetry of the ortho-drophobic pocket formed by crystal contacts. The sec-
ond part of switch II, from residue 74 to 83, is in extensive rhombic space group P212121 with two molecules in the
asymmetric unit. Two slightly different crystal formscrystal contacts and forms a four-stranded  sheet com-
posed of switch II  turns from two molecules related were obtained in this space group. The first (crystal form
1) is represented by crystals that grow within 2 weeks,to each other by a 2-fold symmetry axis in the crystal
(Figure 4). The side chain of the last residue on the  are abundant, and can be routinely reproduced. A data
set using this first crystal form was collected to a resolu-strand (R79) crosses over to interact with the carbonyl
O atoms of D74 (turn residue i1) and A76 (turn residue tion of 1.5 A˚ at the SER-CAT beamline at APS (Argonne,
IL). A single crystal representing the second crystal formi3) of the symmetry-related molecule, helping to stabi-
Figure 4. Switch II in Ral-GppNHp
(A) The  turn conformation in switch II of Molecule B in the Ral-GppNHp structure. Switch II in a symmetry-related molecule contributes to
a four-stranded  sheet that forms across the interface.
(B) A schematic drawing of the two  strands that come together in the crystal contact.
Ral GTPase Binding Sites
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Figure 5. Ral-GDP Structure
The asymmetric unit in the crystal structure
of Ral-GDP in crystal form 2.
(crystal form 2) was found in a crystallization plate that Comparison between Ral-GDP, Ral-GppNHp,
and Ral-GppNHp/Sec5was left undisturbed for over 6 months. This crystal grew
in a crystallization drop that had previously contained Other than in the switch regions, the overall structure
of the uncomplexed Ral-GppNHp is very similar to that incrystals of crystal form 1. A room temperature data set
was collected at our home laboratory to a resolution of the complex with Sec5. The root mean square deviation
between the two structures is 0.67 A˚ for residues 11–1782.0 A˚. Table 1 shows that although the unit cell parame-
ters are very similar in the two crystal forms, there is a and 0.47 A˚ when the two switch regions are excluded
from the calculation. In the Ral-GppNHp/Sec5 structure,shrinking of the unit cell in form 2 relative to 1. The main
difference between the two is that switch II is partially switch II is partially disordered, but switch I interacts
extensively with Sec5 and has well-defined electrondisordered in crystal form 1 but highly ordered in crystal
form 2. No electron density is observed for residues density (Fukai et al., 2003). This interaction is composed
of several important contacts that include the Ral tree-72–74 in molecule A and for residues 71–74 in Molecule
B of crystal from 1. Superposition of Molecule A in the determinant residues K47 and A48. Molecule A in our
uncomplexed Ral-GppNHp structure shows a disor-two crystal forms reveals that the ordering of switch II
in form 2 is due to a shift in the relative positions of the dered switch I, demonstrating, in conjunction with the
structure of the complex, that there is a disorder-to-molecules in the asymmetric unit, such that switch II is
exposed to solvent in form 1 while it participates in order transition in switch I upon complex formation in
Ral. Analysis of the switch conformations in GTPasesextensive crystal contacts in form 2, where the mole-
cules become more closely packed. In all four indepen- has typically been compounded by the fact that these
sites of protein-protein interactions are often found indent Ral-GDP models, only one Mg2 ion is observed
interacting with the nucleotide as expected (Milburn et crystal contacts. NMR experiments on Ras-GppNHp,
however, have determined that both switch regions ex-al., 1990).
The switch I region for Ral-GDP is very similar in all hibit polysterism, with a small number of discrete well-
ordered conformations in solution (Ito et al., 1997). Thesefour molecules. In addition to participating in extensive
interactions across the molecular interface in the asym- experiments suggest that each binding partner for Ras
selects its favorite conformer from a set of pre-orderedmetric unit, the switch I residues are involved in several
intramolecular interactions (Figure 5). Y43 H bonds to conformations present in the uncomplexed protein. We
propose that in Ral there is also selection of particularY51 (2.8 A˚) and to K47 (3.1 A˚), anchoring the two ends
of the switch. L32 is at the base of this site, in van der conformers by binding partners, although it is not possi-
ble to determine whether the lack of electron densityWaal’s contact with both tyrosine rings (3.8 A˚ in each
case). T46 is turned away from the nucleotide, and its for the switch regions in Molecule A of the Ral-GppNHp
structure is a consequence of polysterism (with moreO atom interacts with the N2 atom of Q72 in switch
II (3.0 A˚), while the main chain O atoms of Y43, E44, than two or three distinct conformers) or of complete
disorder. In either case, since Ral interacts with effectorP45, and K47 all make H bonds to water molecules that
coordinate the nucleotide bound Mg2 ion. proteins only in the GTP bound state, the presence of
this nucleotide must facilitate the selection of certainThe conformation for the Ral-GDP switch II is de-
scribed for the model derived from crystal form 2. In the conformations complementary to target proteins that
are not favored in the presence of GDP.absence of the -phosphate, G71 does not interact with
the nucleotide as in the GppNHp bound form, and switch The conformational differences in switch I between
Ral-GppNHp, Ral-GDP, and Ral-GppNHp/Sec5 areII moves away from the nucleotide. Residues 74–77 are
involved in crystal contacts with the symmetry-related shown in Figure 6. In Molecule B of the Ral-GppNHp
structure, switch I exists in a conformation that is verymolecule. Y75 is at the beginning of helix 2, which
extends to residue G86, beyond the end of switch II. different from that found in the complex, and which
would cause the most severe clashes with Sec5. At theThere is no indication of the  turn conformation ob-
served in the Ral-GppNHp structure. beginning of switch I, the backbones of Ral-GppNHp
Structure
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Figure 6. Comparison of Switch I in Three Forms of Ral
Switch I of Ral-GppNHp (blue), Ral-GDP (green), and Ral-GppNHp/Sec5 (brick red). The box shows an enlarged view of the area where Sec5
interacts most closely with switch I. The backbone of Sec5 is shown in gold.
and Ral-GppNHp/Sec5 superimpose well, but these (66 in Ras numbering), adopting a helical conformation
similar to that found in the other two structures.structures diverge beyond D42. Thus, for the majority of
switch I, Ral-GppNHp/Sec5 and Ral-GDP cluster much
more closely to each other than to the uncomplexed
Comparison between Ral-GppNHp,Ral-GppNHp structure.
Ras-GppNHp, and Rap-GTPSwitch II can best be compared between our Ral-GDP
The backbone conformations of Ral, Ras, and Rap differstructure from crystal form 2 and Molecule B of Ral-
from one another primarily at the switch regions. TheGppNHp. There are two major differences between the
switch I backbone atoms superimpose well in Ras-switch II conformation in Ral-GDP and that in the Ral-
GppNHp and Rap-GTP (Cherfils et al., 1997). Switch IGppNHp structure (Figure 7). In the Ral-GDP structure,
in uncomplexed Ral-GppNHp is disordered in MoleculeG71 does not H bond to the nucleotide, as it does in
A and adopts an unusual conformation in Molecule B.the Ral-GppNHp and Ral-GppNHp/Sec5 where the
In the complex with Sec5, it is in a similar conformation
-phosphate is present. In the second part of switch II,
to that found for Ras and Rap (Fukai et al., 2003). Al-residues 75–79 change from an -helical to a  turn
though it is clear that the conformation of switch I inconformation in going from the GDP to the GppNHp
our Ral-GppNHp structure is stabilized by crystal con-bound form. From residue 79 to the end of the switch
tacts, the fact is that it is an accessible conformation.at residue 83, the Ral-GppNHp structure resembles the
Whether or not it is of biological relevance in complexesRal-GDP helical conformation much more closely (Fig-
with binding partners other than Sec5 remains to beure 7). In the Ral-GppNHp/Sec5 structure, the first part
determined.of switch II is disordered, but it becomes ordered in the
The switch II region differs significantly in all threepresence of crystal contacts from residue 77 onward
proteins. The conformation of switch II observed in Mol-
ecule B of our Ral-GppNHp structure results in the
unique positioning of two Ral residues relative to the
analogous residues in Ras and Rap. In Ras, R68 is
tucked into the protein, making several H bonds with
carbonyl groups of switch II residues (Buhrman et al.,
2003; Pai et al., 1990). Y71 stacks against the R68 resi-
due. These two residues together dock onto a hydropho-
bic core composed of residues V7, V9, T58, F78, and
Y96. The general features of this structure in Rap are
similar to those of Ras, although the details vary. In Ral,
R79 (68 in Ras numbering) is facing outward, making
good H bonding interactions with backbone atoms of
the symmetry-related switch II type I turn (Figure 4).
Interestingly, Y82 (71 in Ras numbering) is also rotated
outward in this structure, retaining its stacking interac-
tion with R79. The flip of these two side chains from
facing the interior of the protein in Ras and Rap to facing
the exterior surface in Ral is accompanied by a flip in theFigure 7. Comparison of Switch II in Two Forms of Ral
opposite direction for residue 78 (67 in Ras numbering),Switch II of Ral-GppNHp (blue) and Ral-GDP (green). Switch II is
disordered in the Ral-GPPNHp/Sec5 structure. which in Ras and Rap is a methionine that protrudes
Ral GTPase Binding Sites
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from the protein surface, but in Ral is an isoleucine from random mutagenesis studies that identify residues
43 and 157 (54 and 169 in Ral numbering) as importantturned toward the protein core. F83 in Ral is also an
important component of this core, making good van der in the interaction between Ras and cRaf-1 (Winkler et
al., 1997) and from the fact that this is only one of twoWaals’ contact with I78 (3.5 A˚) and with I18 (4.4 A˚). Both
I18 and I78 are Ral tree-determinant residues (Figure 1). regions outside of the switches where there is a back-
bone shift in Rap relative to Ral and Ras (Figure 1). The
shifted residues are those that lead to and from Loop
Two Novel Binding Sites of Protein-Protein L3, which was previously observed to undergo small
Interaction on the Surfaces of Ral, conformational changes between Rap-GTP and Rap-
Ras, and Rap GDP (Cherfils et al., 1997). These changes would affect
The 11 Ral tree-determinant residues outside of switch residues in the proposed binding site in Rap, perhaps
I cluster in two distinct areas on the surface of Ral- linking optimal interaction with the molecular switch
GppNHp. The first is adjacent to the effector binding site mechanism of the protein.
containing switch I. Figure 8A shows a ribbon diagram of The second site in which Ral tree-determinant resi-
Ral with this cluster of residues shown explicitly. Figure dues cluster is modulated by switch II. It is located
8B shows an electrostatic potential surface of Ral in the between switch II and helix 3 in a cleft lined by I78 and
same orientation, with switch I forming a ridge at the F83 in Ral or by R68 and Y71 in Ras and Rap. A ribbon
left of the figure. Following the surface to the right is a diagram of Ral in an orientation that shows the pocket
narrow groove, and immediately after that, there is a is presented in Figure 9A, and the electrostatic surfaces
ridge delineated by two Ral tree-determinant residues, of Ral, Ras, and Rap in the same orientation are shown
M35 and Y36, which together form the left edge to an in Figures 9B, 9C, and 9D, respectively. At one end of
extensive, but somewhat shallow, groove that we pro- the pocket, residue 103 (92 in Ras) makes an interaction
pose to be a site of protein-protein interaction. These with the P loop residue 22 (11 in Ras), which in turn is
two residues would interact prominently with a binding near the initial part of switch II. Residue 92 is Asp in
partner that simultaneously occupied the switch I ef- Ras and Rap. Ala 103 in Ral was identified as a Ral tree-
fector binding site to the left of this ridge in Figure 8B determinant residue. Its presence causes variations in
and the groove to the right. M35 and Y36 are in fact the pocket that could help modulate interactions with
observed to interact with Sec5 in the Ral-GppNHp/Sec5 binding partners specific to Ral. At the other end of
structure, even though the truncated Sec5 protein binds switch II, the pocket is delineated by an H bond between
only at switch I and does not reach into the putative switch II residue D80 (D69 in Ras) and helix 3 residue
secondary binding pocket. This pocket is lined by six N110 (99 in Ras). The adjacent residue 81 (70 in Ras
hydrophobic residues: F34, V55, L57, I64, F169, and and Rap) has been identified as a Ral tree-determinant
M172. Residue 34 is one of the two switch-of-function residue and faces the solvent in all three GTPases,
residues important in determining cell morphology, while where it could interact with binding partners occupying
residues 57, 64, and 172 were identified as Ral tree-deter- the site. The cleft that forms between switch II and helix
minant. Some charged residues are also found at this site, 3 is shallow in Ras and Rap due to the presence of R68,
and, in particular, the Ral tree-determinant residue K54 which as described above, is tucked into the protein and
is at the edge of the proposed pocket. The pocket is forms the base of this pocket. In Ral, the cleft is deep
shown in Figures 8C and 8D for Ras and Rap, respec- and lined by the Ral tree-determinant residue I78, by
tively, with the analogous residues labeled on the sur- F83, and by F107, forming the bottom of the pocket.
face, but with the correct numbering for each protein. The positions of these three residues are modulated by
The pocket in Ras has a deep cavity at its center that the presence of a second layer of hydrophobic residues
is lined by L23 (Figure 8C). This is the switch-of-function that include the Ral tree-determinant residue I18, as well
residue, which in Ral and Rap is a Phe that essentially as V20, F89, and I111. In addition to being modulated
fills part of the groove, resulting in a shallower pocket. by a very different conformation of switch II in Ral relative
In Rap, the pocket is even smaller than in Ral due to a to those observed in Ras and Rap, this pocket can also
shift of residues 42–46 into the cavity. The obstruction of be distinguished in Ral by a relatively neutral surface
the central cavity in Ral and Rap by the larger Phe residue compared to the positively charged character due to
is likely to change the nature of the interaction in the the presence of R68 that lines the pocket in the other
proposed site, perhaps leading to the eye lash morphol- two GTPases (Figure 9). Interestingly, this region also
ogy observed experimentally (Heo and Meyer, 2003). In exhibits a shift in the Rap structure relative to Ral and
Ral, L57 is at the edge of the groove, making room for Ras. The shift includes about half of helix 3 and all
M172 to protrude to the surface and become accessible, of Loop 7, spanning residues 94–109 (105–120 in Ral
whereas the Ras V160 and Rap V161 side chains are numbering) (Figure 1). It seems to be a consequence of
buried and not directly exposed. F156, which has been a Pro at residue 95 in the middle of helix 3 causing a
shown to be functionally important and conserved in all slight kink and the backbone shift in Rap relative to the
members of the Ras superfamily (Quilliam et al., 1995), other two GTPases.
interacts directly with L23 in Ras, F23 in Rap, or F34 The Ral tree-determinant residue T104 (I93 in Ras and
in Ral, helping to shape the pocket. In addition to the Rap) and the switch-of-function residue L112 (K101 in
convergence of Ral tree-determinant residues to this Ras, I101 in Rap) are also part of helix 3, but they face
site and the established functional significance of some helix 4 on the opposite side from the pocket (Figure
of the residues already mentioned, further support for 9A). There is a double and complementary mutation in
Ral relative to Ras and Rap resulting in an H bond be-the presence of a binding site at this location comes
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Figure 8. The Proposed Binding Site Near the Switch I Effector Region
(A) A ribbon diagram of Ral-GppNHp with the secondary structural elements labeled. Ral tree-determinant residues are in blue, and the switch-
of-function residue F34 is in cyan. Other selected residues that contribute to the pocket are shown in violet.
(B) The electrostatic surface of Ral-GppNHp in the same orientation as that shown in (A). The location of switch I is indicated in green.
Residues shown in (A) are identified and labeled with their respective three-letter codes. The Ral tree-determinant residues are indicated by
an asterisk, and the switch-of-function residue is indicated by a plus sign.
(C) The electrostatic surface of Ras-GppNHp.
(D) The electrostatic surface of Rap-GTP.
The orientation and labels in (C) and (D) are as described for (B). The numbering of the amino acid residues is relative to each protein as
shown in Figure 1. All electrostatic surface calculations shown in this figure and in Figure 9 were generated by using the program GRASP
(Nicholls et al., 1991).
tween the Ral tree-determinant residue T104 and R145 of the hydrophobic residues that line the groove adja-
cent to switch II. An alternative possibility that needs toin place of van der Waals’ interactions between two
hydrophobic residues. This H bond may affect the be- be explored is the presence of a binding site between
helices 3 and 4.havior of helix 3 in Ral relative to the other family mem-
bers, thus altering the properties of the pocket between In Ral-GDP (crystal form 2), the  turn structure of
switch II is not observed and I78 is turned toward thehelix 3 and switch II. Similarly, there is a direct venue
for changes in residue 112 (101 in Ras and Rap) to be solvent. R79 faces into the pocket and forms a salt bridge
with D80. Arg 113 from Loop 7 also moves to interactpropagated to the pocket, since the neighboring residue
111 in Ral is involved in modulating the conformation closely with D80. These three residues essentially form a
Ral GTPase Binding Sites
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Figure 9. The Proposed Binding Site Modulated by Switch II
(A–D) (A)–(D) are as described in Figure 8, but with the appropriate orientation. In (B)–(D), relevant secondary structural elements are indicated
in green. The many hydrophobic residues that line the pocket are discussed in the text but are not labeled in the figure in order to avoid
cluttering. Ser22 and Arg145 are indicated in violet.
lid over the pocket, making it inaccessible in the GDP a cysteine-rich region that has been shown through mu-
tational analysis to interact with Ras at a secondarybound form of the GTPase. In Ras-GDP, switch II itself
is closed over the pocket, again completely obstructing binding site involving switch II (Drugan et al., 1996). It
is also known that Ras and Rap both interact with Rafthe site. This provides a mechanism through which inter-
action in the proposed site would be sensitive to the through nearly identical switch I sequences, but that
these interactions lead to diverse biological outcomes“on”/ “off” state of the GTPases.
The ability to truncate GTPase binding partners is (Bos, 1998). Distinct secondary binding sites in Ras and
Rap could serve to convey functional specificity.essential in obtaining crystals of Ras proteins in com-
plexes, including the complex between Ral and Sec5 We have identified two putative binding sites on Ral,
Ras, and Rap by mapping the convergence of several(Fukai et al., 2003). The drawback is that it is not possible
to visualize the full range of interactions between the independently determined biochemical features onto
grooves near the switch regions on the surface of Ral-GTPase and its binding partners. As a result, we have
a good understanding of interactions at switch I, but GppNHp. In addition, the two proposed sites also coin-
cide with areas where the backbone of Rap deviateslittle or no structural information on the location and
extent of secondary binding sites. Raf, for example, has from those of Ral and Ras. It is unlikely that the conver-
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gence of so many factors would occur coincidentally compared to a 10-fold decrease in RasQ61L (Frech et
al., 1990). The different effects of the Gln to Leu mutationwithout any functional significance. The two sites to-
gether account for all 11 Ral tree-determinant residues on the intrinsic GTPase activities of Ral and Ras are
consistent with different conformational properties offound outside of switch I. The binding site adjacent to
switch I contains the switch-of-function residue 34 and switch II. It appears that RalQ72L is constitutively active
in the cell, primarily due to its failure to respond normallysix Ral tree-determinant residues: 35, 36, 54, 57, 64, and
172 (Figure 8). The site modulated by switch II and 3 to RalGAP (Emkey et al., 1991). This view is supported
for Ras by recent computational studies showing thatincludes the second switch-of-function residue 112 and
the remaining five Ral tree-determinant residues: 18, 78, Q61 in Ras contributes to the preorganization of the
catalytic conformation of the active site in the Ras/Ras-81, 103, and 104 (Figure 9). Our proposed picture is one
in which Ral is able to bind unique effectors not only GAP complex, which is configured to stabilize the transi-
tion state in the GTP hydrolysis reaction (Shurki andthrough its differently charged switch I region, but also
through unique conformational features of switch I and Warshel, 2004). The simulations rule out a direct partici-
pation of Q61 in GTP hydrolysis, either as a general baseswitch II that drastically change the properties of the
new proposed binding sites from one GTPase to the or through direct electrostatic or steric interaction with
the transition state. Instead, they suggest an indirect ornext. Furthermore, the accessibility of the site adjacent
to switch II is very different between the GTP and GDP allosteric role for Q61 (Shurki and Warshel, 2004). We
propose that this would leave more room for variationsbound forms in the crystal structures of Ral and Ras,
linking interactions at this site to the state of the bound in the coevolution of GAP proteins and residue 61 than if
Q61 were required as a direct participant in the reaction.nucleotide.
This covariation could explain the presence of Thr rather
than Gln as residue 61 in Rap proteins (Figure 1) and is
Are the Switch Conformations in the Crystal consistent with the idea that each GTPase/GAP pair has
Biologically Relevant? a unique relationship to each other. The fact that Q72
One of the exciting outcomes of structure is that it often H bonds to the carbonyl group of residue 70 provides
opens new venues for further research. Our structures a link to G71, which in turn H bonds to the -phosphate
of Ral are consistent with intriguing hypotheses. We of the nucleotide. This network of interactions could
present them here in the form of speculative ideas that conceivably provide a venue for the allosteric involve-
may drive research in new directions. ment of Q72 in the hydrolysis of GTP in the Ral-GppNHp/
The first idea is that the  turn conformation observed RalGAP complex.
for Ral-GppNHp is biologically relevant. The four-stranded With switch I pulled away from the nucleotide and
 sheet described above could easily be a mimic of the Q72 tucked into the  turn of switch II, there is a fair
way switch II interacts in complexes with other proteins, amount of space around the -phosphate group of
since the interface involves primarily backbone interac- GppNHp. The second Mg2 ion with five water molecules
tions. R79 stabilizes the type I conformation of the  completing its coordination sphere occupies most of
turn also through backbone interactions. Furthermore, that space, bridging the nucleotide to residues in switch
the turn residue Y75 is buried in the molecular interface II. Although one can justifiably argue that the conforma-
in analogy toY64 in Ras, which has been shown to be tions of the switches stabilized by protein-protein inter-
buried in the interface between Ras and Sos and to actions within the crystal facilitate the binding of Mg2,
contribute significantly to binding affinity (Boriack- which is present in high concentrations, it is also possi-
Sjodin et al., 1998). Most interestingly, the  turn confor- ble that the increased Mg2 concentration found in the
mation brings the Ral tree-determinant residue I78 into crystallization conditions could serve to facilitate the
proximity to other Ral tree-determinant residues in the unusual structure of switch I. This conformation would
site identified between switch II and 3, making it part not allow binding to Sec5, but it could possibly be com-
of the hydrophobic core that lines this pocket and com- plementary to another binding partner, such as Exo84.
pletely changing the electrostatic character of the This would provide a mechanism for a second level of
pocket relative to Ras and Rap. The lack of resemblance regulation of protein-protein interactions between Ral
to the switch II conformation found in the Ral-GppNHp/ and similarly localized effectors in the cell. Transiently
Sec5 structure could be explained by the fact that the elevated concentrations of Mg2 could mediate exqui-
truncated Sec5 binds primarily at switch I and therefore site specificity of Ral-GTP for effectors that would other-
does not affect the conformation of switch II, which is wise compete for the same binding site. Regulation of
partially disordered in that structure (Fukai et al., 2003). cellular events by transient fluctuations in Mg2 levels
The relationship between Q72 (Q61 in Ras numbering) is not unprecedented (Rijkers et al., 1993). This type of
and the nucleotide in the  turn switch II structure is modulation would be consistent with either a disordered
very different than it is in Ras. Rather than facing the or a polysteric switch I in the uncomplexed form of Ral-
nucleotide as it does in Ras-GppNHp, Q72 in our hypo- GppNHp. The crystal structures of Ral in complex with
thetical switch II complex mimic is turned away from binding partners other than Sec5 (e.g., Exo84, RalBP1,
the nucleotide and therefore is excluded from playing and RalGAP) will help elucidate the biologically relevant
a direct role in GTP hydrolysis. How could this be consis- range of conformations adopted by switch regions in
tent with Q72 affecting the hydrolysis reaction? Interest- Ral and the relevance of the conformations we observe
ingly, while RalG23V shows a 10-fold decrease in intrinsic near crystal contacts in the Ral-GppNHp structure.
GTPase activity, as does RasG12V, the mutant RalQ72L Meanwhile, the idea that magnesium is a modulator of
specificity in Ral can be tested, since the affinity of Sec5shows only a 2-fold decrease in intrinsic GTPase activity
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the initial data sets, and noncrystallographic symmetry was usedor Exo84 for Ral-GppNHp should be dependent on the
in the beginning stages of refinement.magnesium concentration. In any case, in order to test
The Ral-GppNHp structure was first solved by using a 2.5 A˚ resolu-the various aspects of the hypotheses presented here,
tion data set collected at 100 K on the Mar345 detector mounted
it will be necessary to complement the structures with on a GX-13 X-ray generator in our laboratory. The search model
additional experiments that reveal the behavior of Ral used with the Ral-GppNHp data set truncated at a resolution of
3.0 A˚ was the 1.26 A˚ structure of Ras-GppNHp (PDB code 1CTQ).both in solution and in the cell.
A Matthews coefficient of 4.5, 2.2, and 1.5 for 1, 2, and 3 molecules,
respectively, indicated the presence of two molecules of Ral-Experimental Procedures
GppNHp in the asymmetric unit. The first peak search identified the
location of Molecule A, which was then held in place during a secondCloning, Expression, and Purification
peak search to identify Molecule B in the asymmetric unit. The RasThe gene for full-length simian RalA was provided by Larry Feig as
residues were changed to those of Ral, and after a round of rigida GST fusion in the pGEX2T vector. Simian RalA is identical in
body refinement, simulated annealing was carried out with CNS bysequence to the human protein, except for one conservative muta-
using the mlf target function (Adams et al., 1997). The model wastion: D147 (simian) to E147 (human). The construct corresponding
improved by iterative cycles of model building in O, followed byto the truncated version of the protein (residues 1–178) was gener-
positional and individual restrained B factor refinement. This modelated by PCR and was cloned into the pET21a() vector (Novagen).
was further refined against the 1.5 A˚ data set collected at APS.The new vector was then transformed into E. coli BL21 Rosetta cells
Similar molecular replacement strategies were used to solve the(Novagen). The cells were grown in LB broth at 37C with shaking
structures for crystal forms 1 and 2 of Ral-GDP, by using the Ral-at 225 rpm to an OD600 of approximately 0.7–0.8 and were then GppNHp structure as the search model. The final R factors are giveninduced with 0.15 mM isopropyl--D-thiogalactopyranoside (IPTG)
in Table 1.for 5 hr at 32C. Cells were harvested by centrifugation for 5 min at
4,000 rpm at 4C and were stored at 	80C. Frozen cell pellets from
Acknowledgmentsa 6 L culture were thawed on ice and resuspended in 50 ml 20 mM
HEPES (pH 7.6), 50 mM NaCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol,
Larry Feig donated the clone for the full-length simian RalA. C.M.and 10 M GDP (Buffer A) with protease inhibitors (5 mM benzami-
is grateful for his support during the beginning stages of this project.dine, 1 mM pefabloc, 2 g/ml antipain, 1 g/ml leupeptin, 1 g/ml
Data were collected at the Southeast Regional Collaborative Accesspepstatin A). The cells were sonicated and centrifuged for 20 min
Team (SER-CAT) 22-ID beamline at the Advance Photon Source,at 20,000 rpm at 4C. Purification of Ral from the cell lysate was
Argonne National Laboratory. Use of the Advanced Photon Sourcedone as described previously for Ras (Campbell-Burk and Carpen-
was supported by the U.S. Department of Energy, Office of Science,ter, 1995), with the following modifications: HEPES at pH 7.6 was
Office of Basic Energy Sciences, under Contract No. W-31-109-used instead of Tris at pH 8.0; Ral is eluted off the column with a
Eng-38. We are grateful to the staff at the SER-CAT beamline for200 ml gradient of 0%–40% Buffer B in Buffer A (above), where
their guidance during data collection and to Greg Buhrman for helpBuffer B differs from Buffer A in that it has 1M NaCl; after gel filtration
during the initial stages of the Ral-GppNHp structure refinement.chromatography, the fractions containing the protein were pooled
This research is supported by a grant from the National Institutesand applied to a Q Sepharose HP 5ml column (Pharmacia) at a rate
of Health (1 R01 CA096867-01A1).of 1 ml/min and eluted with a 110 ml gradient of 0%–11% Buffer B
in Buffer A. The yield from a 6 L culture was 50–80 mg protein. The
Received: June 21, 2004truncated Ral-GDP was then exchanged into 10 mM HEPES (pH 7.50),
Revised: August 26, 200410 mM NaCl, 5 mM MgCl2, 1 mM DTE, and 1 M GDP and concen-
Accepted: August 28, 2004trated to 25 mg/ml for crystallization. Ral-GppNHp was obtained by
Published: November 9, 2004nucleotide exchange by using procedures published for Ras (John
et al., 1990) and concentrated to 25 mg/ml for crystallization.
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